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Abstract The Everglades (Florida, USA) is one of the
world’s larger subtropical peatlands with biological
communities adapted to waters low in total dissolved
solids and nutrients. Detecting how the pre-drainage
hydrological system has been altered is crucial to
preserving its functional attributes. However, reliable tools
for hindcasting historic conditions in the Everglades are
limited. A recent synthesis demonstrates that the propor-
tion of surface-water inﬂows has increased relative to
precipitation, accounting for 33% of total inputs compared
with 18% historically. The largest new source of water is
canal drainage from areas of former wetlands converted to
agriculture. Interactions between groundwater and sur-
face water have also increased, due to increasing
vertical hydraulic gradients resulting from topographic
and water-level alterations on the otherwise extremely
ﬂat landscape. Environmental solute tracer data were used
to determine groundwater’s changing role, from a fresh-
water storage reservoir that sustained the Everglades
ecosystem during dry periods to a reservoir of increasingly
degraded water quality. Although some of this degradation
is attributable to increased discharge of deep saline
groundwater, other mineral sources such as fertilizer
additives and peat oxidation have made a greater contri-
bution to water-quality changes that are altering mineral-
sensitive biological communities.
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Introduction
Large, low-gradient peatlands occur worldwide. Many of
those, like the Everglades, are lotic peatlands with surface
water ﬂow occurring for much of the year through
wetlands that are large enough to maintain low nutrient
status and dominantly organic soils. Lotic peatlands
dominated by emergent vegetation often exhibit a ﬂow-
related patterning; these landscapes include boreal fens
(Glaser et al. 1981), the Okavango Delta in Botswana
(Ellery et al. 2003; Gumbricht et al. 2004), morichal
wetlands in Columbia and Venezuela (San Jose et al.
2001), buritizal wetlands in the Brazilian Pantanal, the
Zapata peninsula in southern Cuba, Costa Rica’s lower
Tempisque River basin, and some riparian wetlands on
river ﬂoodplains. Groundwater’s inﬂuence in the hydrol-
ogy of these large lotic wetlands has been revealed in a
few instances (Siegel and Glaser 1987; McCarthy 2006;
Harvey et al. 2006), although a comprehensive under-
standing of the role of groundwater in structuring these
ecosystems has only begun to emerge.
The Everglades is a very large subtropical coastal
wetland within a larger watershed that extends 160 km
from the Kissimmee River basin through Lake Okeecho-
bee to Florida Bay in southeastern Florida (Fig. 1). The
biological communities of the Everglades are adapted to
low-mineral and low-nutrient conditions created by
overland ﬂow of fresh surface water across a vast
vegetated ﬂoodplain with very low slope. During the
early and mid-twentieth century, the Everglades was
managed primarily to accomplish drainage and ﬂood
control. In 1910, construction began on canals for
drainage and ﬂood control that extended southeast from
Lake Okeechobee to the Atlantic Ocean (Light and
Dineen 1994). With the passage of time, came growing
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Fig. 1 a Reconstruction of pre-drainage Everglades boundaries and landscape patterns prior to 1900, compared with b present-day
features of the managed Everglades. The pre-drainage reconstruction is by the Science Coordination Team (2003) who created the image
using overlays on recent satellite coverage. For comparison with present-day conditions in the study area, the rectangular white outline in a
matches b which outlines the large area converted to agriculture (EAA), the remaining central Everglades divided into sub-basins (WCAs),
major canals and water control structures, two major highways crossing the Everglades (dashed lines), and Everglades National Park further
to the south. Locations of two hydrogeologic sections (A–A’ and B–B’) are also shown (see Fig. 2 for detailed cross sections)
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concerns that the Everglades also needed to be managed
for water conservation in order to supply potable water to
the expanding human communities of southeast Florida.
Beginning in the 1950s, additional systems of canals and
levees narrowed the Everglades and blocked the ﬂow by
creating a series of basins enclosed by levees called water
conservation areas (WCAs). The primary purpose of the
WCAs was for water storage to support the needs for a
growing population of the lower east coast of Florida, as
well as a source of water to sustain Everglades National
Park during dry periods. Drainage efforts had already
caused irreversible subsidence by this time, and early
efforts at managing the WCAs also had unintended
consequences in causing periods of both ﬂooding and
drought within the Everglades. These changes to the
topography and hydrology of the Everglades have altered
the ecosystem in profound ways, including increasing net
groundwater recharge to areas outside the Everglades that
have contributed to decreasing surface-water ﬂows. In
addition, decreasing surface-water ﬂows and deteriorating
water quality are blamed for declines in wading-bird
populations, disappearance of tree islands, and replace-
ment of native plant communities by cattails (Jensen et al.
1995; McCormick et al. 1998; Rutchey and Vilchek
1999). In the past 30 years, these concerns have fueled
wide-ranging discussions on how to improve water
management in the Everglades. In 2000, Congress
expanded authorization to preserve the Everglades’ unique
biological resources while continuing to address ﬂood
control and water-conservation efforts aimed at assuring
the future supply of potable water for human communities
of southeast Florida.
The purpose of this paper is threefold: to brieﬂy review
the past decade’s advancements in understanding inter-
actions between surface water and groundwater in the
Everglades; second, to better deﬁne how groundwater’s
role has changed in the overall hydrologic budget of the
Everglades over the past century; and third, to synthesize
knowledge about groundwater’s role in ecological func-
tion and sustainability of this low-nutrient subtropical
ﬂoodplain ecosystem. There is increasing recognition that
hydrologic inputs and their chemistry have changed
substantially over the past century, and that even an
alteration as seemingly innocuous as an increase in major
ions has caused ecological changes.
Everglades hydrogeology: past and present
Beneath the Everglades is an extensive groundwater ﬂow
system in limestone and sand sediments of the Biscayne
and Gray Limestone aquifers, known collectively as the
surﬁcial aquifer system (Fig. 2). To the east, the Biscayne
aquifer is one of the most transmissive aquifers in the world
serving a major metropolitan area. The Biscayne aquifer is
thickest beneath the Atlantic coastal ridge and thins toward
the west beneath the Everglades, disappearing completely
at approximately two thirds of the distance across the
Everglades. Hydrogeological investigations by Howie
(1987), Fish (1988), and Reese and Cunningham (2000)
found that the surﬁcial aquifer system beneath the Ever-
glades generally has greater sand content, lower trans-
missivities, and higher total dissolved solids compared with
the aquifer beneath the Atlantic coastal ridge. The marked
decrease in hydraulic conductivity from east to west appears
to be caused by the change from high-porosity limestones
and coarser sands in the east to limestone with more variable
degrees of cementation and ﬁner sands in the western part of
the Everglades. Although hydraulic conductivity of the
surﬁcial aquifer beneath the central Everglades is lower
throughout most of its depth, the top 10 m has a hydraulic
conductivity that is not substantially less than beneath the
Atlantic coastal ridge (Harvey et al. 2004).
Prior to drainage that began in the early 1900s, surface
water and groundwater interactions were a relatively small
component of Everglades water budgets. Relatively small
exchange ﬂuxes between surface water and groundwater
were due to the relatively weak driving forces for vertical
ﬂow on the pre-drainage landscape that was very ﬂat and
had not yet been altered by subsidence and the construc-
tion of canals and levees. Vertical ﬂow resistance also was
relatively high due to the continuous cap of undisturbed
peat (ranging in thickness from 1–4 m) with a hydraulic
conductivity several orders of magnitude lower than the
aquifer beneath (Harvey et al. 2004). Recharge and
discharge caused exchange between surface water and a
relatively thin layer of “interactive” fresh groundwater
near the top of the surﬁcial aquifer (Harvey et al. 2006).
Exchange ﬂuxes varied spatially and temporally in accor-
dance with changing patterns of precipitation and pulsed
inﬂows of surface water from Lake Okeechobee or runoff
from marginal wetlands. The primary factors inﬂuencing
recharge and discharge were the patterns of rising or falling
surface-water levels. For example, intense and localized
rainfall, or pulsed inﬂow of water from the lake, created
very low amplitude and long wavelength gravity waves that
propagated southward through the wetlands causing ﬂuc-
tuations in surface water and groundwater interactions.
Groundwater discharge tended to occur during average to
moderately dry conditions when local surface-water levels
were decreasing. Recharge tended to occur during moder-
ately wet periods or during very dry periods just as water
levels began to increase (Harvey et al. 2004).
Water management inadvertently increased the extent of
surface water and groundwater interactions, beginning in
the early 1900s with early efforts to drain the Everglades.
Resulting oxidation and peat subsidence was most signiﬁ-
cant in the large area of wetlands south of Lake Okeechobee
that was being drained for agriculture. Subsidence increased
local groundwater discharge by focusing horizontal ground-
water ﬂow paths toward the area of subsidence and
drainage. In the central Everglades, the direction of
groundwater ﬂow shifted from southerly to northwesterly
ﬂow (Miller 1988; Harvey et al. 2002). Dependence on
canals increased throughout the second half of the twentieth
century as the wetlands converted to agriculture continued
to subside due to peat oxidation (Renken et al. 2005). Loss of
peat and entrenchment of canals up to 5 m into the top part of
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the surﬁcial aquifer in some locations brought surface waters
into closer contact with groundwaters with high ionic
strength (Harvey et al. 2002).
During the ﬁrst half of the twentieth century, efforts to
drain the Everglades eventually had some unintended
effects on water-ﬂow dynamics in the region. To serve the
increasing need for fresh water in order to support human
population growth in southeast Florida, construction began
to enclose the remaining Everglades into the WCAs,
beginning in the 1950s. Although effective in conserving
water during dry periods, the levees introduced a discon-
tinuity in the otherwise relatively ﬂat water slope, by
maintaining a relatively high water level on the up-gradient
side of the levee and a relatively low water level on the
down-gradient side. The resulting “stair-step” in water
levels across levees locally increased vertical hydraulic
gradients and caused recharge (on the up-gradient side) and
discharge (on the down-gradient side) that brought surface
water into contact with relatively deep groundwater
(Harvey et al. 2002). It has also been observed that the
high-capacity pumps used to move water through canals
also have the unintended effect of increasing vertical
hydraulic gradients in groundwater, which locally inﬂuen-
ces water exchange between canals and underlying ground-
water and causes discharge of relatively deep groundwater
(Miller 1978; Krupa et al. 2002).
Increasing importance of groundwater
in Everglades hydrologic budgets
Because the Everglades often experiences prolonged dry
seasons and multi-year droughts, freshwater can some-
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Fig. 2 Hydrogeologic cross sections in the central Everglades. a A southwesterly to northeasterly cross section (A–A’) beneath Water
Conservation Area 2A (WCA-2A) shows the position of research wells in relation to formations and lithology of the western Biscayne
aquifer. b Section B–B’ shows a more generalized west to east hydrogeologic cross section across a 75-km section of Broward County
illustrating the large-scale features of the surﬁcial aquifer system in southeast Florida. Approximate location relative to the different aquifer
boundaries is shown for the WCA-2A groundwater investigation as well as the groundwater sampling sites in STA-1W and the EAA. This
ﬁgure is modiﬁed from several ﬁgures in Harvey et al. (2005)
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lens of freshwater at the top of the aquifer (that lies above
older groundwater with signiﬁcantly higher ionic strength)
actively exchanges with surface water on a timescale of
decades to centuries (Harvey et al. 2006). This freshwater
not only plays a role in sustaining the Everglades
ecosystem during droughts, but the presence of different
water types offers clues about the changing role of
groundwater over a century of water management in the
Everglades.
Appreciation of groundwater’s role in Everglades
hydrologic budgets increased greatly after early efforts to
achieve ﬂood control were expanded to include water
conservation. Much of what has been learned about
groundwater and surface-water interactions in the Ever-
glades has its basis in the SFWMM, i.e. South Florida
Water Management Model (SFWMD 1999; 2003). The
SFWMM has been a primary management tool for water-
management and restoration planning (US Army Corps of
Engineers 1999). The SFWMM also served as the basis of
the Natural Systems Model (NSM), a daughter model that
had the purpose of hindcasting a typical water budget in
the pre-drainage Everglades (SFWMD 2006). The NSM
does not actually attempt to simulate a speciﬁc time
period, and instead operates with the standard 31-year
input series of precipitation data and evapotranspiration
functions used for what is referred to as the 1995 base run
of the SFWMM (SFWMD 1999, 2003). The difference is
that the NSM uses the best available estimates of pre-
drainage topography, vegetation distribution, vegetative
ﬂow-resistance, and tidal and inﬂow boundaries. There-
fore, NSM and SFWMM outputs can be directly com-
pared to illustrate differences between the current
managed system and the pre-drainage system under
identically modeled climatic conditions.
The boundaries deﬁned for the pre-drainage Everglades
are the historic areas of contiguous emergent wetlands
lying between Lake Okeechobee to the north and Ever-
glades National Park to the south (SFWMD 2006). The
boundaries for the present-day central Everglades are the
same as the WCAs that collectively make up the northern
and central portion of the managed Everglades system
(Fig. 1). These boundaries are formally deﬁned by the
SFWMD (1999, 2006). The major difference in the pre-
drainage Everglades system is the inclusion of the
northernmost areas of former wetlands that were later
converted to agricultural lands known as the Everglades
Agricultural Area (EAA) (Fig. 1). The southern boundary
of this comparison is the present-day southern boundary
of WCA-3, which is located where Highway 41–Tamiami
Trail crosses the Everglades. Everglades National Park
water budgets are therefore not a part of the analysis.
In this study, the model results were used to identify
changes in the relative importance of various water
sources over the past century. Given the spatially and
temporally averaged nature of the hydrologic budgets, the
following results should be interpreted with caution. The
relative contributions from different water sources are
expected to vary considerably between speciﬁc locations
in the Everglades and also among years.
The resulting water budget (Table 1) indicates that
direct rainfall was the primary source (81%) of water to
the pre-drainage Everglades, with additional contribu-
tions originating as episodic overﬂows of Lake Okee-
chobee, marginal runoff that occurred seasonally from
infrequently ﬂooded wetlands surrounding the Ever-
glades, and exchange with groundwater in the underlying
sand and limestone aquifer. Lake Okeechobee and
marginal inﬂows contributed 8 and 10% of the total
input, respectively. Net groundwater discharge and
recharge ﬂuxes denote groundwater ﬂow paths near the
margins of the Everglades that either receive water or
deliver water to areas outside the Everglades. The net
groundwater ﬂuxes were small in the pre-drainage
system (1%). These estimates of groundwater ﬂuxes
from SFWMD references do not include a second
category of groundwater recharge and discharge ﬂuxes.
The second type of groundwater ﬂuxes are shallow
recharge and discharge ﬂuxes that occur internally within
the boundaries of the Everglades. Interior groundwater
ﬂuxes were also estimated based on 5 years of Darcy-ﬂux
Table 1 Sources of water inﬂow and output patterns and their relative importance in the North–Central Evergladesa
Landscape condition Pre-drainage Everglades Present-day managed Everglades
Model NSM v. 4.5 Model SFWMM v. 3.5
Hydrologic ﬂux 107m3 per year % of total inputs 107m3 per year % of total inputs
INPUTS
Precipitation 742 81% 426 66%
Lake overﬂow 75 8% 28 4%
EAA drainage – – 113 18%
Marginal inﬂows 92 10% 76 11%
Net groundwater discharge 8 1% 4 1%
OUTPUTS
ET 675 74% 413 64%
Marginal outﬂows 229 25% 124 19%
Net groundwater recharge 10 1% 106 16%
Storage change 4 0% 4 1%
aResults were summarized from South Florida Water Management District model runs made using Natural Systems Model v. 4.5 and South
Florida Water Management Model v. 3.5 (all runs dated 4 April 1999) that were accessed 20 December 2006 from the web (SFWMD 2003)
and from calculations made using results from Harvey et al (2005). Dashed table entries are not applicable
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calculations in WCA-2A and tritium data (Harvey et al.
2005). While interior exchange ﬂuxes with groundwater
are small (2%) relative to total inﬂows, exchange ﬂuxes
with wetland peat are greater (39%). Note that although
these interior ﬂuxes are not included in Table 1, they
potentially could be important to Everglades chemical
budgets with consequences for Everglades water chem-
istry and ecology (Harvey et al. 2005).
Changes over time in Everglades water budgets are
summarized here. The importance of precipitation as a
water source decreased (from 81 to 66%) in the managed
Everglades while at the same time the surface-water
inﬂows increased from 18 to 33%. Canal drainage from
agricultural areas that were formerly wetlands (the EAA)
increased the most (0 to 18%), marginal inﬂows stayed
about the same (10 and 11% respectively), and direct
inputs from Lake Okeechobee decreased slightly (from
8 to 4%). The canal drainage waters are themselves
derived from a mixture of runoff of precipitation and Lake
Okeechobee water used for irrigation, and possibly also
from groundwater beneath the EAA that discharged to
canals. The other signiﬁcant change in the water budget
was a substantial increase (from 1 to 16% of total inputs)
in net recharge of Everglades groundwater that then ﬂows
to areas outside the Everglades. For the purpose of
clariﬁcation, it is important to note that the raw precipi-
tation and evapotranspiration (ET) values differed be-
tween the NSM and SFWMM models only because the
land area involved changed.
Increasing chemical inputs to the central
Everglades
Hydrologic budgets indicated a relative increase in
contributions from surface-water inﬂows over the past
century, especially from canals draining the EAA, and a
relative decrease in contributions from precipitation.
Surface-water inﬂows are inherently higher in their ionic
strength than precipitation, and human activities directly
and indirectly increased those mineral and nutrient inputs
further with consequent effects on the biological commu-
nities of the Everglades. An evaluation of present-day
chemical data in the Everglades does not necessarily
reveal how hydrologic alterations affected the Everglades.
For this reason, the study evaluated both groundwater and
surface-water chemistry in order to take advantage of
groundwater’s tendency to average chemical signatures
over time due to the relatively long storage times (decades
to centuries) in shallow groundwater (Harvey et al. 2006).
Here, necessary background information about chemical
conditions in the Everglades are brieﬂy reviewed, based
on chemical sampling and analyses by Parker et al.
(1955), Harvey et al. (2002), (2005), and data obtained
from the electronically accessible database of the SFWMD
(SFWMD 2008). Following that, water stable isotope and
ionic tracers were used to assess the relative importance of
the various sources to increasing mineral inputs to the
Everglades.
Mineral chemistry of peat
Historical reconstructions of the Everglades have primar-
ily been based in paleoecological analyses of peat. These
approaches are generally best at identifying century to
millennial timescale trends. Everglades peat began form-
ing about 5,000 years ago on top of limestone bedrock in
a shallow trough across south Florida. Like most other
peatlands, the Everglades is relatively poor in nutrients
and minerals. Although limestone dissolution inﬂuenced
water chemistry in the early stages of peat development,
there is evidence that much of the northern and central
Everglades was developing towards an increasingly
mineral-poor state as peat built up in thickness during
the shift towards a wetter climate in south Florida
(Gleason et al. 1974; Gleason and Stone 1994). Although
increasing thickness of peat is not alone enough to isolate
surface water from interactions with groundwater that is
high in ionic strength (Siegel and Glaser 1987), it does
contribute to isolation in a landscape as ﬂat as the
Everglades. Another indication of increasing isolation of
surface waters from mineral sources is the “water lily-
dominated peat” found in the central and northeastern
Everglades, which has only minor amounts of marl, i.e.
intervening layers of calcitic mud with moderate to high
mineral content, that is more commonly associated with
the thin, and less frequently ﬂooded peat found in the marl
prairies in the southern Everglades (Gleason and Stone
1994; Slate and Stevenson 2000; Winkler et al. 2001).
Precipitation
Rainfall in the northern and central Everglades is low in
ionic strength with a median speciﬁc conductance of less
than 20 μS/cm and median concentrations of all major
ions below 1 mg/L except for Cl− (1.5 mg/L) and SO4
2−
(1 mg/L). In the absence of signiﬁcant water sources other
than direct rainfall, surface waters of the Everglades
would have a mineral-poor chemistry. Rainfall has a
sodium calcium-bicarbonate chloride signature (Fig. 3)
reﬂecting the importance of seawater aerosols to the ionic
strength, with additions of locally generated dust and other
ﬁne particles associated with farming and other human
activities. Spatial patterns in precipitation have been
important in structuring water budgets. The highest
average annual precipitation (approximately 160 cm/year)
extends far inland (up to 60 km) in the northeastern part of
the Everglades but farther south the band of greater
precipitation remains much closer to the coast until
reaching Florida Bay. Greater rainfall in the northeastern
Everglades may be one reason for the development of the
relatively deep and distinctive water-lily-dominated peat
in the northeastern Everglades (Gleason et al. 1974).
Wetland surface waters
The northeastern apex of the historic Everglades is now a
major part of the area occupied by WCA-1 and WCA-2A.
Because of their position, marginal inﬂows of surface
water may have exerted a greater inﬂuence on WCA-1 and
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WCA-2 compared with areas farther to the west (i.e. now
occupied by the EAA and WCA-3A), where overﬂow
from Lake Okeechobee was probably the more important
surface-water inﬂow. Under present management, WCA-
2A sometimes receives the majority of its water from
canal drainage delivering mixtures of EAA farm canal
runoff and Lake Okeechobee water. In contrast, WCA-1 is
mostly isolated from canal waters and from marginal
inﬂows due to complete enclosure by levees and without
any ﬂow-through pumping. For that reason, the interior of
WCA-1 and WCA-2A currently represent the extremes of
water chemistry of wetland surface waters in the northern
and central Everglades. WCA-1 surface water is a sodium
calcium–chloride bicarbonate water type and WCA-2A is
a mixed cation–chloride bicarbonate water type. The
chemistry of WCA-1 surface water indicates an initially
signiﬁcant contribution from seawater aerosols in precip-
itation that was further altered by addition of limestone
dissolution products due to interactions with shallow
groundwater. WCA-2A has a considerably higher speciﬁc
conductance (with a median 946 μS/cm in WCA-2A
compared to 92 μS/cm in WCA-1). WCA-2A also has
greater relative contributions from Mg2+ to cations and
SO4
2– to anions, reﬂecting inputs from EAA drainage
canals and Lake Okeechobee (Fig. 3).
Water inputs from Lake Okeechobee
Historically, Lake Okeechobee overﬂowed each wet
season and provided a signiﬁcant source of water to the
pre-drainage Everglades (Chris McVoy, SFWMD, person-
al communication 2006; Table 1). A dike now prevents
overﬂows, with a system of levees and canals to control
deliveries of lake water to the Everglades. EAA canals
route lake water primarily through the S6 water control
structure to be discharged into WCA-2A. The lake has a
speciﬁc conductance of approximately 400–500 μS/cm,
and relatively even proportions of Ca2+ and Na+ , with
some Mg2+ , and relatively even proportion of HCO3
– and
Cl–, with some SO4
2−, resulting in a classiﬁcation as a
mixed cation–bicarbonate chloride water type (Fig. 3).
The lake’s chemistry is primarily inﬂuenced by runoff
from the Kissimmee River basin and secondarily by
interactions with lakebed sediments and groundwater.
Frazee (1982) Classification
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Fig. 3 Piper diagram illustrating variability in major ion composition for the various surface water and groundwater samples collected
within or immediately outside of the Everglades. Data include published analyses on water samples collected from 1974 to 2008 (SFWMD;
Harvey et al. 2002, 2005), as well as some of the earliest available water chemistry data for the Everglades from samples collected in the
1940s (Parker et al. 1955)
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Groundwater in the lake’s vicinity has higher proportional
contributions from Ca2+ and Mg2+ and lower contributions
from Cl− and SO4
2− to its dissolved solids compared to
Lake surface water. Back-pumping from EAA farm canals
to the lake may have inﬂuenced the lake’s chemistry
during certain time periods due to agricultural inﬂuences,
but is not expected to dominate Lake chemistry.
Marginal runoff from infrequently flooded wetlands
and low-lying uplands
The chemical composition of drainage from infrequently
ﬂooded wetlands or low-lying uplands such as pine
ﬂatwoods to the pre-drainage Everglades is uncertain. In
the northern and central areas of the Everglades these
marginal areas have been altered so substantially in their
topography and hydrology that ﬁnding a modern analog is
difﬁcult. It is instructive to look at the southern Everglades
where there are large areas of short hydroperiod wetlands
on the margins of the major sloughs in Everglades
National Park. The relatively short hydroperiods in those
areas promote inﬁltration of precipitation into the peat and
bedrock (Price and Swart 2006). The wetlands also have
thinner peat accumulations (Gleason et al. 1974) which
offers less resistance to subsurface vertical ﬂow. Surface-
water speciﬁc conductance in the most mineral-rich
freshwater areas of Everglades National Park rarely
exceeds 400–600 μS/cm (Joffre Castro, Everglades
National Park, personal communication, 2007). The
relatively high transmissivity of the Biscayne aquifer
beneath the southern Everglades (Fish and Stewart 1991;
Renken et al. 2005) and the thinner peats in the southern
Everglades promote signiﬁcant ﬂow through marginal
wetlands into the sloughs of the southern Everglades
(Price et al. 2003; Harvey et al. 2006). The chemistry of
shallow groundwaters in short hydroperiod wetlands
(Price and Swart 2006) is similar to the subset of eastern
canal waters in the northern Everglades that have lower
speciﬁc conductance, i.e. calcium sodium-bicarbonate
waters. Short hydroperiod wetlands in Everglades National
Park are therefore one of the potential models for chemistry
of marginal runoff entering the pre-drainage Everglades.
Groundwater
Deeper groundwater in the western part of the Biscayne
aquifer beneath WCA-2A has a speciﬁc conductance
often above 10,000 μS/cm and as high as 26,000 μS/cm
and is a sodium chloride water type, reﬂecting its origin
as relict seawater trapped in the aquifer during higher sea
level stands (Howie 1987; Harvey et al. 2002; Price and
Swart 2006). The origin of the shallow groundwater is
very different. Groundwater in the top 10 m of the western
Biscayne aquifer typically is a calcium sodium-bicarbonate
type water with a speciﬁc conductance of about 1,250 μS/cm
and a chemical and isotopic composition indicating a source
from recharge of evaporated Everglades surface water that
slowly acquired a predominantly Ca2+, Mg2+, and HCO3
−
signature due to dissolution of shallow aquifer materials.
Sulfate reduction removed SO4
2− from the shallow ground-
water (Fig. 3). Depending on depth and location relative
to water management structures and levees, the ionic
strength of shallow groundwater may be elevated by
Na+ and Cl− due to upward discharge of deeper
groundwater. Near canals and levees, shallow ground-
water, peat pore water, and even canal water and
Everglades surface water can have a chemical signa-
ture that traces the upward movement and discharge of
relict seawater (Miller 1988; Harvey et al. 2002; Krupa
et al. 2002)
Groundwater composition beneath WCA-2A transitions
from the western Biscayne aquifer, with relict seawater in its
lower half, to a different (unnamed) surﬁcial aquifer beneath
the EAA and Lake Okeechobee which contains a mixed
cation–bicarbonate groundwater at depth. The deeper
groundwater in both aquifers is relatively high in ionic
strength, but the proportions of Ca2+, Mg2+, SO4
2−, and Cl−
differ (Fig. 3). Groundwater in the lower Biscayne aquifer
beneath WCA-2A is either a sodium–chloride or sodium
calcium–chloride bicarbonate type water. Deeper groundwa-
ter beneath the EAA/Lake is distinctive in having higher
proportional contributions from Ca2+ and Mg2+, and lower
proportional contributions from Cl −, compared to Biscayne
aquifer water (Fig. 3). Whereas groundwater in the
Biscayne aquifer beneath WCA-2A was derived both from
freshwater recharge of Everglades surface water and
trapping of relict seawater at depth, the groundwater
beneath the EAA/Lake was derived only from recharge of
freshwater from the Kissimmeee River basin. Fresh
groundwater beneath the EAA and Lake differs in chemistry
due to longer contact time with different aquifer materials.
Groundwater samples beneath Stormwater Treatment
Area 1W (STA-1W) represent a transition between the
Biscayne aquifer and the EAA/Lake Okeechobee surﬁcial
aquifer. STA-1W is located 40 km north of the center of
WCA-2A, between WCA-1 to the east and the EAA to the
west. As a result of its intermediate location, STA-1W
groundwater chemical samples either represent relict
seawater, sodium chloride–bicarbonate type waters char-
acteristic of shallow groundwater in the Biscayne aquifer,
or mixed cation–bicarbonate type waters found in the
surﬁcial aquifer beneath the EAA and the lake (Fig. 3).
Frazee (1982) suggested but offered no direct evidence
that transitional connate groundwater with a relatively high
proportional contribution from SO4
2− is present in the
vicinity of the lake. The authors’ search of published data
revealed no evidence of such a groundwater within the study
boundaries, although shallow groundwater in the EAA,while
similar to the deeper groundwater in most respects, does have
a greater proportional contribution from SO4
2− compared
with Cl−. Sulfur budgets in the EAA have been inﬂuenced
by agricultural activities for many decades. Excess SO4
2− in
EAA groundwater appears to have resulted from agricul-
tural practices which produced a shallow groundwater that
could be mistaken for a transitional connate groundwater
(Fig. 3). This interpretation is supported in the next section
and in a section further ahead that uses environmental solute
tracers to distinguish water sources.
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Canal inflows to the Everglades
Canal waters are an important source of water and
dissolved materials to the managed Everglades ecosystem.
The most signiﬁcant sources are the main conveyance
canals ﬂowing into the Everglades (the West Palm Beach,
Hillsboro, North New River, and Miami canals shown in
Fig. 1). These canals convey runoff of rainfall, soil water,
and groundwater discharge from agricultural ﬁelds in the
EAA as well as ﬂow-through waters from Lake Okeecho-
bee into the northern and central Everglades.
The inﬂuence of canals as inputs of waters with high
ionic strength is evident from spatial maps of surface-
water speciﬁc conductance in the Everglades wetlands
generated from the Regional Environmental Monitoring
and Assessment Program (REMAP) conducted by the US
Environmental Protection Agency (Stober et al. 1998).
The median speciﬁc conductance of surface waters in the
main canals ranges between 700–1,100 μS/cm, more than
50-fold higher than that of rainfall and twice that of
current levels in Lake Okeechobee, which also is exposed
to elevated mineral loads from human sources. Areas
strongly inﬂuenced by canal inputs have a speciﬁc
conductance near 1,000 μS/cm (e.g. WCA-2A), while
those with a more rainfall-driven hydrology typically have
values as low as 100 μS/cm or less (e.g. WCA-1). Speciﬁc
conductance decreases from north to south across the
Everglades canal network. This trend likely is caused by
progressive dilution with rainwater and surface waters in
the WCAs with increasing distance from the mineral
sources in the north.
The chemical composition of canal water draining the
EAA varies at water control structures that convey the
water into the Everglades. The westernmost canals passing
through the S7 and S8 structures generally contain only
EAA drainage waters, while canals passing through S6
(and sometimes S5A) convey lake water in addition to
farm canal drainage. The S5A structure receives the
broadest mix of water types, including canal drainage
from the EAA, Lake Okeechobee water, and drainage
from the low-lying basins to the east of Lake Okeechobee.
For this reason, the S5A canal may at certain times be the
best analog of what the chemistry of low-lying marginal
areas was like in the pre-drainage central Everglades.
The speciﬁc conductance in S5A ranges between 400
and 1,400 μS/cm; samples with conductance less than
900 μS/cm can be classiﬁed as calcium bicarbonate or
calcium–sodium bicarbonate water that is relatively poor
in sulfate and possibly representative of pre-drainage
marginal inﬂows (Harvey et al. 2002). The samples with
speciﬁc conductance greater than 900 μS/cm have
proportionately greater importance of magnesium and
sulfate that probably reﬂect large contributions from
EAA canals at those times.
Compared with other water sources to the Everglades,
canal water has substantially higher contributions of
Mg2+, SO4
2−, Ca2+, bicarbonate, and lower Na+ and Cl−
compared to Everglades surface water or groundwater, or
Lake Okeechobee surface waters (Fig. 3). EAA canal
drainage water tends to have too great of a contribution
from SO4
2−, Ca2+ and too little of a contribution from Cl−
to be explained by deeper EAA/Lake Okeechobee ground-
water or STA-1W groundwater. Chemical sampling in the
1940s indicates that shallow EAA groundwater also was
rich in SO4
2− and Ca2+ and similar to the chemistry of EAA
farm canals while also being very different from Lake
Okeechobee surface water and all other groundwaters in the
vicinity (Fig. 3). The chemical uniqueness of EAA canal
drainage waters has been noted before and attributed to
ﬂushing of peat oxidation products (Schueneman 2001) and
ﬂushing of fertilizer additives (Bates et al. 2002) from farm
ﬁelds. Those agricultural inﬂuences also could have
affected the shallow EAA groundwaters directly beneath
the farm ﬁelds through recharge of peat oxidation products
and agricultural fertilizer additives through farm ﬁelds into
shallow groundwater. The irrigation water and precipitation
that recharges farm ﬁelds would move into shallow
groundwater and eventually discharge into drainage canals
that ﬂow to the Everglades. The next section discusses the
use of environmental solute tracers to distinguish the
relative importance of these various sources of water to
the Everglades.
Use of environmental solute tracers to delineate
water sources
This section combines chemical signatures with the
hydrologic budgets already presented to determine chang-
ing water sources and chemical inputs to the Everglades
on a decadal to centennial timescale. Environmental solute
tracers are used as a means to isolate the effects that water
management has had on changing chemistry and ecology.
Water stable isotopes
Samples of precipitation, surface water, groundwater, and
canal water collected between 1996 and 2000 in the
Everglades and its source waters were analyzed for water
stable isotopes (deuterium and 18O) reported as δ 2H and
δ18O in o/oo units relative to the international standard
VSMOW in order to help distinguish the relative
importance of different water sources (Fig. 4). Whereas
the precipitation isotope ratios plot along the global
meteoric water line in the negative range of isotopic
values, most of the other isotopic data are positive values,
plotting on a line of lower slope that subtends the global
meteoric water line.
Of the various surface waters, wetland surface water in
the Everglades is the most variable in composition,
ranging between values close to precipitation during the
wet season to much more positive values during the dry
season. The data illustrate the importance of direct
precipitation on the Everglades with more negative
water-stable isotope compositions reﬂecting the primary
input during the wet season. Evaporation also strongly
inﬂuences isotopic composition during much of the year,
enabling differentiation between evaporated surface water
and groundwater as the source of shallow groundwater.
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The relatively positive isotopic values of WCA-2A
surface waters during the dry season are consistent with
evaporation effects, but also may reﬂect mixing with other
evaporated surface waters (e.g. Lake Okeechobee or canal
drainage from the EAA).
Canal waters from the EAA passing through the S6
structure are similar in enrichment to Lake Okeechobee,
with other canals being slightly more negative in isotopic
composition (Fig. 4). The more positive isotopic compo-
sition of S6 canal waters is consistent with routing of Lake
Okeechobee water primarily through the S6 structure.
Lower isotopic values in the S5A and other canals
probably reﬂect additional components of runoff generat-
ed by ﬂushing of rainfall through EAA soils and shallow
groundwater to the larger EAA canals that discharge
directly into the Everglades. Unfortunately, there are no
direct measurements of EAA soil water or shallow or deep
groundwater under most of the EAA. Groundwater
beneath STA-1W, which is located on the margin between
the EAA and the WCAs, is the only water stable isotope
data available that may be informative about hydrologic
differences between pre- and post-drainage groundwater
hydrology in the EAA.
Most STA-1W groundwater is relatively enriched,
however a smaller subset of the shallow STA-1W
groundwater samples located on its western side have
more negative isotopic values that are much closer to
precipitation (Fig. 4). Similar values of water stable
isotope ratios close to precipitation values also have been
observed in shallow groundwater beneath short hydro-
period wetlands of the Rocky Glades in the southern
Everglades by Price and Swart (2006). The more negative
isotopic composition of those waters is consistent with
recharge of precipitation occurring quickly and without
time for signiﬁcant evaporation to occur (Harvey et al.
2002; Price and Swart 2006). In STA-1W those values
reﬂect the history of the area as part of the EAA, where
drainage and farming in the middle part of the century
promoted direct inﬁltration of precipitation into soils until
the mid 1990s when the site was re-ﬂooded for operation
as a stormwater treatment area.
The WCA-1 and WCA-2B basins were isolated from
surface-water throughputs and only received water input
by precipitation during the time period of sampling. The
observation that both of the isolated basins vary just as
broadly in their water stable isotope ratio compared with
WCA-2A is signiﬁcant, because WCA-2A receives
isotopically enriched inputs from EAA canal drainage
that includes Lake Okeechobee water. Evaporation effects
on the isotopic chemistry of Everglades surface water
therefore have comparable effects to mixing of source
waters, i.e. mixing of precipitation with Lake Okeechobee
and canal drainage waters. Discharge of deeper ground-
water from the western Biscayne aquifer beneath WCA-1
and WCA-2 also has more positive water stable isotope
composition, somewhat fortuitously, because seawater
trapped in the Biscayne aquifer in south Florida plots on
almost exactly the same line as evaporated waters (Price
and Swart 2006) (Fig. 4). Because of the similarity of the
mixing line along which many of the different waters plot
(e.g., canals waters draining the EAA, Lake Okeechobee
water, relict seawaters, and evaporated precipitation),
water stable isotopes cannot delineate all potential mixing
effects. Additional environmental tracers are needed to
better delineate the contribution of groundwater from
beneath the EAA to EAA canal drainage that ﬂows into
the Everglades.
Ionic tracers
Sulfate to chloride ratios have been used previously to
help distinguish sources of Everglades waters (Bates et al.
2002; Chen et al. 2006). In particular, WCA-2A surface
waters have a ratio of sulfate to chloride that is very
similar to the canals draining the EAA and much higher
than in the relict seawater at depth in the western Biscayne
aquifer. The ratio of sulfate to chloride is also much higher
than in shallow groundwater beneath WCA-2A, whose
source is surface water from the Everglades that was
recharged decades to centuries ago (Harvey et al. 2006).
The very low ratio of sulfate to chloride in shallow
groundwater beneath WCA-2A is also consistent with
sulfate removal by sulfate reduction (Bates et al. 2002).
Lake Okeechobee waters also have a high sulfate to
chloride ratio, although Orem (2007) noted that Lake
Okeechobee water is too dilute in these ions to be the
major water source to WCA-2A surface water during most
times of year. These results are strong indicators that EAA
canal waters are a signiﬁcant source of WCA-2A surface
water, comparable in importance to precipitation, and the
most likely source of increased sulfate and increased
mineral inputs in general to the central Everglades. Left
somewhat in question is the ultimate source of the
increased mineral loads in canals draining the EAA.
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Fig. 4 Water stable isotope ratios (in o/oo relative to VSMOW) for
Everglades surface waters, groundwaters, and source waters. The
Everglades isotopic data were compiled from Harvey et al. (2002;
2005) with additional isotopic data for Lake Okeechobee and some
canals provided by Bill Orem (USGS, unpublished data, 2007)
194
Hydrogeology Journal (2009) 17: 185–201 DOI 10.1007/s10040-008-0379-x
Both the products of peat oxidation (Schueneman
2001) and fertilizer additives (Zielinski et al. 2000; Bates
et al. 2002; Chen et al. 2006) have been investigated as
indicators of the water and chemical sources in canals
draining the EAA. The importance of fertilizer and
fertilizer additives was established through use of uranium
isotope ratio tracers that identiﬁed EAA fertilizer as the
source of elevated P and sulfate to EAA canals as well as
in Everglades surface waters (Zielinski et al. 2000). In a
study using sulfur isotopes as an environmental tracer of
water ﬂow, Bates et al. (2002) and Orem (2007) found that
sulfate in Everglades surface waters and EAA canal
waters had a 34S/32S ratio similar to fertilizer. The sulfur
isotopic ratio and sulfate concentration measured in
shallow groundwater beneath WCA-2A are too high and
too low, respectively, to explain the source of sulfate in
EAA canal water (Bates et al. 2002). Unfortunately, there
were no isotope ratio measurements made in groundwater
beneath the EAA to help explain the source of excess
sulfur to EAA canals. Instead, one must rely on major ion
ratios to delineate the importance of groundwater dis-
charge from directly beneath the EAA to canals entering
the Everglades.
As discussed earlier in this paper, deep groundwater
from beneath the EAA and Lake is mixed cation–
bicarbonate water with relatively high ionic strength, but
that groundwater is relatively poor in both chloride and
sulfate, and discharge of that groundwater cannot explain
new mineral sources to the Everglades. According to
Renken et al. (2005), Lake Okeechobee has long served as
a source of irrigation water in the EAA, which explains
why the chemistry of EAA canals often is similar to Lake
Okeechobee. However, farm canals in the EAA (as well as
shallow, but not deeper, groundwater beneath the EAA)
have been observed to have signiﬁcantly higher concen-
trations SO4
2− relative to the lake (Orem 2007). Using
isotopic ratios of SO4
2− and Ca2+ relative to Cl−, it was
observed that EAA farm canals and shallow groundwater
had a chemical composition that could be explained by
enrichment of Lake Okeechobee water with stoichio-
metrically equivalent additions (i.e., mass ratio of 2.4)
of SO4
2− and Ca2+ (Fig. 5). The unique plotting position
of EAA farm canals and shallow EAA groundwater in
Fig. 5 relative to other prominent south Florida water
types is suggestive of their origin as irrigation water
derived from Lake Okeechobee water that had further
modiﬁcations to its chemistry by dissolution of gypsum, a
commonly used fertilizer additive.
Gypsum is applied to southeastern US agricultural
soils, including EAA soils, to improve structure and
fertility. Schueneman (2001) recently quantiﬁed the use
of sulfur additives in EAA fertilizer and suggested that
current sulfur application rates on farm ﬁelds are probably
low relative to oxidation of naturally occurring sulfur in
EAA peat. Sulfate leaching resulting from oxidation of
naturally occurring sulfur in peat soils has probably been
occurring since the early 1910s, and may be a signiﬁcant
contributor to the high concentrations of sulfate that have
been observed in EAA canals (Orem 2007). Nonetheless,
Fig. 5 demonstrates a substantial source of SO4
2− to EAA
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Fig. 5 Comparison of sulfate and calcium in Everglades surface waters, groundwaters and source waters. Sulfate and calcium
concentrations (mg/L) are normalized with respect to chloride concentrations, which distinguish relict seawater based on well-known ionic
ratios. Other distinguishable water types are noted. The data sources are the same as Fig. 3
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surface water and shallow groundwater in the 1940s that
cannot be explained by any source except dissolution of
gypsum, and gypsum is only one possible source of SO4
2−
in fertilizer additives. The other is oxidation of the
elemental sulfur, which is another common additive in
fertilizer used in the EAA (Bates et al. 2002). Schueneman
(2001) states that current applications of sulfur to EAA
farm ﬁelds are in quantities less than recommended
amounts. Figure 5 does suggest that the effects of gypsum
dissolution on EAA canal chemistry are smaller today
than in the 1940s. It may be that gypsum applications
were greater in the early decades of EAA farming, when it
would have had its greatest value to increase soil structure,
oxidation, and fertility. It is possible that more recent
applications of sulfur may be in elemental sulfur form
(Bates et al. 2002; Orem 2007). Additional research would
be needed to distinguish the relative importance of the
various sources with conﬁdence. In particular, more
chemical sampling is needed in EAA shallow groundwater
to increase certainty in present-day sulfur budgets for the
EAA and the Everglades.
The foregoing discussion and accompanying ﬁgures
demonstrate that increased mineralization of EAA surface
water was already well advanced in the 1940s. Zielinski et
al. (2000) and Bates et al. (2002) found by using uranium
isotopes and sulfur isotopes respectively as tracers, that a
signiﬁcant proportion of new mineral sources (sources of
phosphorus and sulfur speciﬁcally) were derived from
agricultural activities in the EAA. With drainage and
conversion of wetlands to agriculture beginning early in
the 1910s, prior to the availability of reliable chemical
measurements, the pre-drainage water chemistry in the
northern part of the Everglades now occupied by the EAA
remains speculative. The best approximation that can be
made is a mixed cation–bicarbonate type water whose
current analogue is the shallow groundwater beneath STA-
1W and also Lake Okeechobee itself (Fig. 3).
Changing groundwater and surface-water
interactions and effects on chemical transport
The cycling of Everglades waters back and forth between
surface and subsurface domains and associated storage in
groundwater is now relatively well understood (Harvey et
al. 2005, 2006). However, the effect of groundwater
storage-exchange on biogeochemical processes is not as
well understood. Over time, that exchange of water
between the surface and subsurface is having the effect
of replacing what was previously a layer of very high-
quality, fresh groundwater near the top of the aquifer with
contaminated surface water (Fig. 6). Surface-water con-
taminants such as phosphorus, sulfate, and mercury are
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Fig. 6 Summary of lithology, recharge and discharge ﬂuxes between surface water and shallow groundwater in the Biscayne aquifer
beneath the central Everglades. The diagram shows the distribution of groundwater residence times in relation to vertical hydrologic ﬂuxes
and groundwater hydrogeochemical patterns. The approximate depths of the three ﬂux planes where vertical water ﬂuxes are referenced are
approximately at 0.03, 0.7, and 5.3 m. The schematic interpretation was previously published in Harvey et al. (2005)
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porewater and shallow groundwater (Harvey et al. 2002).
It is uncertain how long contaminants will be stored in
groundwater before being transformed or discharged back
to surface water. Both the physical mechanism of
contaminant storage in the aquifer and the chemical
reactions that occur there may affect contaminant mobility.
Contaminants stored in groundwater potentially can return
to surface water with discharging groundwater long after
restoration management improvements have been imple-
mented. More information is needed about transport and
transformation of contaminants in Everglades peat and
shallow groundwater, not only for phosphorus, but for a
host of surface-water contaminants including sulfate from
agricultural drainage, atmospheric-derived mercury, dis-
solved organic carbon, dissolved salts from discharge of
deep groundwater of marine origin with relatively high
sulfate and chloride concentrations, and volatile organic
carbons of uncertain origin (Krabbenhoft et al. 1998;
Bates et al. 2002; Harvey et al. 2002). The potential for
these legacies of contamination to affect downstream
water quality in the future is signiﬁcant, and predicting
those effects requires a better understanding of how to
quantify surface water and groundwater interactions, and
how to determine the processes controlling the magnitude
of those interactions.
It is important to indicate that water quality concerns
are not just for the ecosystem. Municipal water budgets
for the lower east coast of Florida indicate that recharge of
central Everglades water into the Biscayne aquifer and
eastward movement toward domestic well ﬁelds is an
important source of drinking water. There is still not
enough understanding of the source areas, ﬂow paths, and
travel times required for Everglades surface water to reach
domestic water-supply well ﬁelds (Sonenshein 2001;
Nemeth and Solo-Gabriele 2001)
Role of changing hydrologic and chemical sources
on Everglades ecology
An increased proportion of surface-water inﬂows relative
to rainfall and increased mineral inputs are some of many
processes driving changes in the structure and function of
the Everglades. The subtle biological and geochemical
dependencies that are being altered by increased mineral
inputs have not been investigated to the same extent as
nutrient pollution (McCormick et al. 1998), increased
variability in water levels and incidences of peat-burning
ﬁres, and processes affected by the velocity of sheetﬂow
in the Everglades (Larsen et al. 2007). Here, some effects
of increased mineral inputs on biological communities of
the Everglades are examined.
Biogeochemical changes
There is increasing evidence that mineral and phosphorus
loading from canals may directly and indirectly affect the
bioavailability of many different elements in Everglades peat
soils. Measurements of porewater chemistry in the 2–12 cm
depth increment of WCA-1 peat showed higher pore-
water pH and higher concentrations of dissolved P and N
as well as Mg2+, Ca2+, K+, Cl−, S2−, and sulfate at
sampling sites near the edges of WCA-1 (where mixing
occurs with canals) compared to more rainfall driven
sites in the interior (Susan Newman, SFWMD, personal
communication, 2007). Porewater redox levels and
dissolved Fe concentrations were lowest at the sites
receiving canal water, apparently due to fertilization of
higher metabolic activity and formation of insoluble FeS
under low redox conditions.
Organic matter decomposition is a key process con-
trolling both soil formation and nutrient cycling in
peatlands. Collection and incubation of equivalent litter
of several dominant plant species, sawgrass and cattail,
indicated decomposition rates that were up to 30% faster
at wetland sites in WCA-2A at a location that receives
canal inﬂows with high ionic strength, compared with
sites in WCA-1 where little canal water intrudes (Newman
et al. 2004). Increased mineral loading may be inﬂuencing
decomposition rates through: (1) increased availability of
electron acceptors such as sulfate that are used in
anaerobic microbial respiration; (2) increased release of
bound phosphorus from peat that fuels higher decompo-
sition rates; and (3) increased activity of minerals such as
Ca2+ serving as a co-factors regulating enzyme activity.
While not suggesting any speciﬁc or well-established
causal mechanisms, these ﬁndings indicate empirically
that intrusion of high ionic strength canal water is
promoting faster rates of decomposition.
Sulfate is a signiﬁcant component of canal water, and
has been identiﬁed as one of the most widespread
contaminants in the Everglades (Bates et al. 2002; Orem
2007). Special importance is attached to sulfate in the
Everglades because of its effects on a variety of processes
including cycling and bioavailability of Hg, a contaminant
that enters the Everglades via atmospheric deposition and
is converted to its bioavailable form (methyl-Hg) primar-
ily through microbial pathways (Benoit et al. 2003).
Elevated sulfate concentrations also can affect redox
potential of Everglades water which can inﬂuence speciﬁc
pathways and rates of decomposition, and can also can
affect vegetation patterns due to the inhibitory effects of
hydrogen sulﬁde—an end product of sulfate reduction—
on plant growth.
Responses of Everglades vegetation
The Everglades contains many plant species with the most
common being sawgrass (Cladium jamaicense), fragrant
water lily (Nymphaea odorata), bladderwort (Utricularia
spp.), and spikerush (Eleocharis spp.). Few studies in the
Everglades have examined spatial patterns of vegetation in
relation to water chemistry, although two previous studies
of related species of emergent plants in other wetlands
found them to be indifferent to surface-water ionic
strength (Moyle 1945; Walker and Coupland 1968). In
his analysis of aquatic vegetation patterns related to
speciﬁc conductance, Moyle (1945) noted that “The
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natural separation between hard and soft waters seems to
be at a total alkalinity of about 40 mg/L, 30 mg/L being
the lower limit of toleration of the more typical hard-water
species, and 50 mg/L the upper limit of toleration of the
more characteristic soft-water species” (p. 404). While
current information from the Everglades is insufﬁcient to
indicate a clear relationship between increasing mineral
levels and changes in emergent plant communities,
preliminary data by McCormick (SFWMD, unpublished
data, 2007) are showing strong relationships between
species composition and distance from canals that corre-
late with concentrations of total dissolved solids in WCA-
1. However, the observed species distributions and
dissolved chemical gradients are correlated with several
other environmental changes and, thus, do not provide
conclusive proof that increased mineral inputs are the
cause of observed vegetation shifts. For example, canal
waters had the highest P concentrations and soil P
concentrations were also highest at sites closest to the
canal, and this factor alone can cause pronounced shifts in
Everglades vegetation (McCormick et al. 2001). Thus, soil
mineral gradients caused by canal-water intrusion are
partially confounded by a limiting-nutrient gradient. Water
depths also tend to be more variable and greater on
average near the canal perimeters of WCA-1. Deeper
water depths are another key factor that is known to
inﬂuence plant species composition in the Everglades.
Response of Everglades periphyton and fauna
Floating and attached periphyton mats in the Everglades
(composed of algae, bacteria, and microfauna) are an
important base of the food web providing a food source
and habitat for aquatic invertebrates (Williams and Trexler
2006). Periphyton also is important in structuring the
ecosystem by reducing phosphorus availability (Noe et al.
2001), blocking light penetration and often dominating
primary productivity (Noe et al. 2001), and oxygenating
the water column (McCormick and Laing 2003). Periph-
yton communities are extremely sensitive to changes in
water chemistry, which explains their widespread use as
indicators of water quality in the Everglades and other
aquatic ecosystems.
The interior of WCA-1, which is relatively protected
from canal water inputs, contains a characteristic periph-
yton community dominated by desmid and diatom species
indicative of soft-water conditions. Whereas periphyton
mats across the high ionic strength portions of the managed
Everglades are dominated by calcium-precipitating (calcar-
eous) cyanobacteria and have a high calcium carbonate
content, those in WCA-1 are largely organic (non-
calcareous) in nature. Paleoecological evidence (Slate
and Stevenson 2000) indicates that the community
currently found in WCA-1 was probably more widespread
across the pre-drainage Everglades when rainfall was a
more dominant source of water to this ecosystem. By
contrast, calcareous communities historically were more
abundant in the marl prairies of the southern Everglades,
which support little or no peat accretion due to their short
hydroperiods and thus have a water chemistry inﬂuenced
more strongly by the limestone bedrock.
Surveys conducted by Swift and Nicholas (1987)
established periphyton-conductivity relationships across
the northern and central Everglades and clearly showed
the unique character of the Everglades periphyton com-
munity. Their analysis of species-environmental relation-
ships found concentrations of major ions to be the most
important factor explaining variation in periphyton taxo-
nomic composition in the central Everglades. Gleason et
al. (1975) and McCormick et al. (2000) reported changes
in the periphyton community associated with increased
intrusion of canal waters along a decreasing gradient of
high ionic strength water from the outer boundary to the
more rainfall-dominated interior of WCA-1. The major
change in the taxonomic composition of the periphyton
community across this broader mineral gradient was an
increase in the proportion of desmids with decreasing
speciﬁc conductance (Fig. 7). They concluded that
signiﬁcant alterations in the periphyton community
resulted from ﬂows of canal water with high ionic strength
into the Everglades. Williams and Trexler (2006) corre-
lated food-web structure with hydrology and nutrient
gradients, indicating effects on the distributions of ﬁsh
and aquatic invertebrates.
Summary and conclusions
Reconstructions of historic water budgets indicate that
direct rainfall was the primary source of water to much of
the Everglades prior to start of drainage efforts in the early
twentieth century. Seasonal overﬂows from Lake Okee-
chobee and runoff from short hydroperiod wetlands and
low-lying uplands along the Everglades eastern margin
provided most of the additional water to the pre-drainage
ecosystem. The mineral content of these other water
Surface-water specific conductance (µS cm-1)



















Fig. 7 Changes in desmid dominance within the periphyton
community at nine SFWMD monitoring stations across a water-
chemistry gradient in the southwest corner of WCA-1, south
Florida. Samples were collected during eight sampling trips
conducted by the SFWMD between 1996 and 1999 (adapted from
McCormick et al. 2000)
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sources was likely higher than that of rainfall but lower than
that of surface ﬂows entering the Everglades today. Mineral
inputs were low in the pre-drainage Everglades with Lake
Okeechobee overﬂows probably being the primary source
with secondary sources from marginal inﬂows and ground-
water discharge. The source of minerals from groundwater
has probably increased in the present-day system due to
topographic changes resulting from subsidence or removal
of the hydraulically resistive peat accumulations within and
near canals, and water management practices that increase
vertical hydraulic gradients. However, the increased load of
minerals entering the Everglades today cannot be explained
solely by increases in discharge of groundwater with high
ionic strength.
Historic and recent water budgets and environmental
tracers were used to assess the relative importance of new
sources of minerals, which suggested that canal drainage
from the EAA has been the dominant source of increased
mineral inputs. Surface-water inﬂows now account for
33% of water inputs to the Everglades compared to 18%
in the pre-drainage Everglades. Canal drainage from the
EAA, an area that was formerly Everglades and is now
farmed, is the largest part of that increase, accounting for
more than half of all present-day surface-water inputs. The
canal water also has mineral concentrations more than
50-fold higher than those of rainfall and as much as 10-fold
higher than those of surface waters in rainfall-fed areas of
the Everglades interior. The ultimate source of water to
agricultural canals appears to be predominantly irrigation
water pumped from Lake Okeechobee, and secondarily a
mixture of direct rainfall onto EAA agricultural ﬁelds and
discharge of shallow groundwater from beneath the EAA
that together ﬂush fertilizer constituents and additives,
including SO4
2− and Ca2+ from dissolution of gypsum, a
common fertilizer additive in the EAA and elsewhere.
Also important is the ﬂushing of natural sulfur in EAA
peat soils that have been managed for many decades for
agricultural production, and also the chemical conversion
and ﬂushing of additional fertilizer additives such as
phosphorus and elemental sulfur that are eventually
transported by runoff or through shallow groundwater
into EAA canals that drain to the Everglades.
Increased mineral inputs to the Everglades are corre-
lated with changes in plant and periphyton species
composition and related landscape features such as the
cover of slough and sawgrass habitat (Larsen et al. 2007),
although speciﬁc cause–effect linkages have only begun to
be assessed. Recent experiments have demonstrated that
fundamental changes occur in periphyton assemblages due
to mineral enrichment, with consequences for secondary
productivity in the Everglades ecosystem. Alteration of
surface-water chemical conditions and its effects on periph-
yton species assemblages may have cascading effects at
higher trophic levels by altering conditions for growth,
reproduction and survival of ﬁsh and aquatic invertebrates.
Among the major ions and other dissolved constitu-
ents, elevated concentrations of phosphorus and sulfate
are probably the most signiﬁcant threat to Everglades
ecosystem structure and function. Increased loading of
these constituents elicits multiple ecological responses
including shifts in macrophyte and periphyton species
composition due to higher nutrient availability and
production of hydrogen sulﬁde, which is toxic at high
concentrations, as well as increased productivity and
decomposition rates, lowered redox potential, increased
mercury bioavailability and toxicity. Because of long
storage times of contaminated surface waters that are
exchanged with shallow groundwater, there are likely to
be legacy effects that will prolong the inﬂuence of
contamination for many decades even after the quality of
canal water inputs is improved.
Groundwater’s role as a freshwater storage zone that
sustains the ecosystem is not yet fully understood. What
has become clear in the past several decades is that
interactions between groundwater and surface water have
increased as a result of water management, resulting in
reduced storage of fresh, uncontaminated water in the
shallow aquifer located directly beneath the Everglades
and also beneath basins such as the EAA that discharge
directly into the Everglades. The contamination affecting
shallow Everglades groundwater comes both from above
and below. Recharge from above is increasingly contam-
inating shallow groundwater with nutrients, sulfate,
mercury, and other contaminants, while the increased
vertical hydraulic gradients have contributed to upward
transport of salts from the deeper aquifer. Needs for future
research and modeling may include: (1) large-scale tracer
experiments to investigate fate and transport of contami-
nants introduced with canal waters, (2) investigation of
speciﬁc transport and reaction processes for various
elements, including information about storage timescales
in various compartments such as Everglades soils,
vegetation, and groundwater; (3) studies that ﬁll the many
data gaps on the ecological effects of mineral enrichment;
and (4) improved hydrologic measurements and models to
identify strategies to achieve more complete mixing of
canal waters at the northernmost possible points of entry
to the Everglades, in order to minimize long distance
transport of undiluted canal waters into the Everglades.
Hydrologic restoration of the Everglades toward the
higher ﬂows characteristic of pre-drainage conditions
remains a centerpiece of restoration efforts. However, if
greater reliance on canal drainage waters is needed to
achieve those hydrologic goals, unintended effects may
result that could deliver contaminants such as phosphorus
and sulfate farther into the Everglades than ever before.
This paper reviewed and synthesized a variety of research
projects that collectively suggest that the increasing
mineral content of water sources to the Everglades have
already altered the structure and function of the Ever-
glades ecosystem, beginning with periphyton communities
and food webs, and extending to changes in the dominant
species of macrophytes, with cascading effects on ﬁsh and
invertebrates.
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